2-Amino-1-methyl-6-phenylimidazo [4,5-b]pyridine (PhIP) is produced by reaction of phenylacetaldehyde, the Strecker aldehyde of phenylalanine, with creati(ni)ne in the presence of formaldehyde and ammonia, which are formed in situ. Traditionally, the carbonyls compounds required 10 for the formation of PhIP ring were considered to be produced as a consequence of Maillard reaction between phenylalanine and carbohydrates. This review collects all recent evidences suggesting that lipids can also contribute to produce the Strecker degradation of phenylalanine and the formation of formaldehyde analogously to carbohydrates. Furthermore, lipid-derived reactive carbonyls not only contribute to PhIP formation but they can also be involved in PhIP fate observed in the presence of 15 oxidized oils. This role has not been yet investigated for carbohydrate-derived reactive carbonyls but it might be hypothesised to take place because of the decrease of PhIP observed when excess of monosacharides is employed to study PhIP formation. All these results suggest that carbohydrates and lipids can contribute simultaneously to PhIP formation and fate. This is another example of the simultaneous contribution of both lipids and carbohydrates to the carbonyl chemistry that takes place in 20 foods upon processing and/or storage. Furthermore, many of these conclusions can also be extended to the formation of other aminoimidazoazarenes with structure of imidazopyridine.
Introduction
Thermal processing has numerous beneficial consequences for foods, including enhancement of nutritional quality, improved 25 digestibility and bioavailability of nutrients, prolongation of shelf-life, better palatability, taste, texture, flavour, and functional properties, release of bioactive components, generation of beneficial compounds with antioxidant and antimicrobial properties, destruction of anti-nutritional substances, and 30 inactivation of food-borne pathogens. 1 However, it also produces a loss of certain nutrients and the formation of potentially mutagenic and carcinogenic molecules. 2 To this respect, formation of acrylamide, 3 furan, 4 acrolein, 5 or heterocyclic aromatic amines, 6 among others, has received a considerable 35 attention in recent years. In particular, heterocyclic aromatic amines have been related to the increased cancer risk associated with the consumption of cooked proteinaceous food products. 7 Heterocyclic aromatic amines are a complex mixture of compounds formed at ppb levels in muscle foods cooked at high 40 temperature. 8 They are characterized for having a planar, multiring aromatic structure with one or more nitrogen atoms in their ring system and, usually, an exocyclic amino group, although there are also some few exceptions. 9 Chemical structures of the main heterocyclic aromatic amines isolated to present are 45 collected in Fig. 1 . Heterocyclic aromatic amines can be classified in two groups: aminoimidazoazarenes, which are usually formed at temperatures typical of cooking/frying (∼200 ºC), and pyrolitic heterocyclic aromatic amines, which are formed by pyrolysis of amino acids 10 These four amines have also been listed by 60 the National Toxicology Program (NTP) in its 11 th Report on Carcinogens (RoC) as reasonably anticipated to be human carcinogens.
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All these four compounds are aminoimidazoazarenes.
Although more than 20 aminoimidazoazarenes have been 65 isolated and characterized to present, only three basic skeletons are repeated in the identified compounds: imidazopyridine, imidazoquinoline, and imidazoquinoxaline. This similarity been traditionally considered to be the result of complex reactions that involve creati(ni)ne, free amino acids, and carbohydrates through the Maillard reaction. However, a recent study has pointed out that some of these compounds can also be formed as a consequence of the carbonyl chemistry initiated by lipid 10 oxidation, 12 and previous studies also showed contradictory results on the influence of fats in formation and fate of heterocyclic aromatic amines. 13 Maillard reaction and lipid oxidation are not two independent processes. In fact, lipid oxidation products influence Maillard 15 pathway and vice versa, and there are common intermediates and analogous polymerization mechanisms in both routes conducting to food browning. 14 The objective of this review is to collect the scattered existing information suggesting that this coordinate contribution of both lipid oxidation and Maillard reaction to food 20 browning is also playing a role in the formation and fate of heterocyclic aromatic amines. This review will be mostly focused on PhIP because it is the heterocyclic aromatic amine that has been mostly studied in this sense.
PhIP: a product of carbonyl chemistry in

foods
Among the different aminoimidazoazarenes produced under usual cooking conditions, PhIP is generally one of the heterocyclic aromatic amines produced to a highest extent in addition to 2-amino-1,7-dimethylimidazo[4,5-g]quinoxaline (7-MeIgQx), 8- 30 MeIgQx, and 2-amino-1,7,9-trymethylimidazo[4,5-g]quinoxaline (7,9-DiMeIgQx). 13, 15, 16 PhIP is typically found in foods at amounts up to 35 ng/g, 17 but there are reports of higher levels, especially in fried and barbecued chicken. 18 The mechanism by which PhIP is produced has been the 35 objective of different studies but it has not been fully elucidated until very recently. 19 First studies demonstrated that PhIP is produced by reaction of phenylalanine with creati(ni)ne.
16, [20] [21] [22] [23] The atoms of both reactants were easily located on the PhIP molecule by using isotope labelling. 23 Thus, phenylalanine is 40 responsible for the phenyl ring and carbons 5, 6, and 7 of the pyridine ring in PhIP (Scheme 1). In addition, creatinine is incorporated almost intact to the PhIP molecule and is responsible for the imidazole ring. This last part is common for all aminoimidazoazarenes where the synthon creatinine can be 45 easily recognized (Fig. 1) . Although phenylalanine has 9 carbons and 9 carbons come from the amino acid in PhIP, phenylalanine cannot be incorporated directly to PhIP molecule because the phenyl ring is attached to one end of the alkyl chain in phenylalanine, and the phenyl ring is attached to the centre of the 50 three carbons of the pyridine ring in PhIP that initially belonged to phenylalanine. In addition, and by means of isotopic labelling, the no incorporation of the carboxylic carbon of phenylalanine to PhIP was also demonstrated. 23 This fact suggested that phenylalanine suffered a degradation previously to form part of 55 PhIP. The formed compound, which was an intermediate in the reaction, was found to be phenylacetaldehyde. 16 Therefore the first step of the formation of PhIP is the Strecker degradation of phenylalanine to produce phenylacetaldehyde (Scheme 2), a step that does not need the presence of creati(ni)ne but is facilitated in 60 the presence of reactive carbonyl compounds derived from carbohydrates, 24, 25 lipids, 26 amino acids, 27 or polyphenols 28 (see below). Once phenylacetaldehyde is formed, the reaction between phenylacetaldehyde and creati(ni)ne is produced to form in a first 65 step 2-amino-5-(1-hydroxy-2-phenylethyl)-1-methyl-1H-imidazol-4(5H)-one and then, after dehydration, 2-amino-1-methyl-5-(2-phenylethylidene)-1H-imidazol-4(5H)-one. 16 This last compound has already the basic structure of the PhIP, but it still needs the finishing of the pyridine ring with the inclusion of 70 one carbon and one nitrogen atoms.
The origin of both atoms has been the objective of different studies. Thus, the nitrogen seemed to come from the thermal decomposition of both phenylalanine and creati(ni)ne, which is known to produce ammonia. 29 In addition, Murkovic et al.
23 75 found that the origin of the additional carbon was the carbon 2 of phenylalanine by using isotope labelling. More recently, Zamora et al. 19 found that thermal degradation of phenylacetaldehyde produced formaldehyde, and this is the way in which the last carbon is incorporated to complete PhIP molecule. Formaldehyde 80 has been suggested to be produced as shown in Scheme 2, at least to a certain extent. 19 Upon heating, a small amount of phenylacetaldehyde suffered a disproportionation reaction to produce phenylacetic acid and phenylethanol (both products were detected in the reaction mixture of heated phenylacetaldehyde).
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The later dehydration of the alcohol, the oxidation of the produced olefin, and, finally, its breakage would be the origin of formaldehyde. Therefore, the origin of formaldehyde would be the carbon 2 of phenylalanine, which is in agreement with the labelling experiments. This amine would then react with formaldehyde to produce a new imine, which after electronic rearrangement and oxidation, would be the origin of PhIP. Therefore, PhIP is produced in four steps: 1 Formation of the Strecker aldehyde from the parent amino 10 acid. 2 Reaction of the phenylacetaldehyde with creati(ni)ne to produce the aldol condensed product. 3 Formation of formaldehyde and ammonia from phenylacetaldehyde, phenylalanine or creati(ni)ne. 15 4 Final assembly of the molecule by incorporating formaldehyde and ammonia. Obviously, although steps 1, 2, and 4 have to take place sequentially, step 3 can take place simultaneously to steps 1 or 2. Furthermore, in complex food products, formaldehyde and 20 ammonia can have other origins different to phenylacetaldehyde, phenylalanine, or creati(ni)ne.
This four-step mechanism described for PhIP might be general for the different imidazopyridine derivatives identified to present.
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Thus, the formation of 2-amino-1-methyl-6-(4-hydroxyphenyl)imidazo[4,5-b]pyridine (4'-OH-PhIP) should be produced analogously to PhIP with the only difference of the change of phenylacetaldehyde by the Strecker aldehyde of tyrosine 2-(4-hydroxyphenyl)acetaldehyde (Scheme 3). 10 The formation pathway of 2-amino-1,6-dimethylimidazo[4,5-b]pyridine (DIMP) can also be hypothesized to be produced analogously by starting from propanal in the place of phenylacetaldehyde (Scheme 3). Propanal is not a Strecker aldehyde derived from amino acids, but it is a major oxidation 15 product of n3 fatty acids. 30 Analogously, 2-amino-1,5,6-trimethylimidazo[4,5-b]pyridine (1,5,6-TMIP) can be hypothesised to be produced analogously to DIMP but with acetaldehyde in the place of formaldehyde to close of the pyridine ring (Scheme 3). Acetaldehyde is a common 20 component in many foods where it is formed from carbohydrates, lipids or phenols, among other food components. 31 An analogous pathway can also be proposed for the formation of 2-amino-1,6-dimethylfuro[3,2-e]imidazo[4,5-b]pyridine (IFP) by reaction of 5-methylfurfural, creati(ni)ne and ammonia 25 (Scheme 4). In this case, steps 1 and 3 are fused together with the formation of 5-methylfurfural. This compound has been shown to be both a byproduct of the Maillard reaction 32 and a product of lipid oxidation. 33 The aldol reaction between 5-methylfurfural and creatinine would produce the corresponding adduct that can 30 later be dehydrated. The carbonyl group of the initial creatinine would then react with ammonia to produce the corresponding imine, which lately would suffer an electronic rearrangement and oxidation to produce IFP. Although it is not classified under imidazopyridine derivatives, 35 an analogous formation mechanism can also be hypothesized for 2-amino-1-methylimidazo[4,5-b]quinoline (IQ[4,5-b]), the linear tricyclic isomer of the probable human carcinogen IQ. The reaction pathway would be analogous to that of IFP but the initial aldehyde would be benzaldehyde, also a common minor food 40 component. 34 The reaction pathway is shown in Scheme 5. The reaction of benzaldehyde and creatinine would produce the corresponding aldol in a first step and then the dehydrated adduct. The reaction of this compound with ammonia followed by an electronic rearrangement and oxidation would produce IQ[4,5-b]. 45 By studying the different proposed reaction pathways it is possible to understand why the different imidazopyridine derivatives are produced to different extents. Thus, the concentration of the reactants and the formation of the final pyridine ring are likely playing a major role in the amount of the 50 heterocyclic aromatic amine produced. Next two sections will be dedicated to the coordinate contribution of both lipid oxidation and Maillard reaction to the formation of the carbonyl compounds required for producing the imidazopyridine skeleton.
The Strecker degradation of amino acids and
other degradative pathways that produce Strecker aldehydes as a consequence of both Maillard reaction and lipid oxidation
Strecker degradation is part of the oxidative decarboxylation reactions of amino acids that can be effected by a variety of 60 reagents and reaction conditions. 24 This reaction is a source of important volatile constituents of food flavours. Thus, in addition to the aldehyde derived from the parent amino acids, usually named Strecker aldehyde, different pyrazines, pyridines, pyrroles, and oxazoles, among other compounds, are produced. 25 65 In Maillard chemistry, the term Strecker degradation is usually employed when α-dicarbonyl compounds act as oxidizing agents to effect the decarboxylation of the involved amino acid. Many α-dicarbonyl compounds are produced in the course of Maillard reaction by carbohydrate dehydration or fragmentation, including carbonyl function. Finally, the azomethine ylide undergoes addition of water to produce the Strecker aldehyde 5 (phenylacetaldehyde) and a 2-oxoamino derivative (2-aminoacetaldehyde). α-Dicarbonyl compounds are not major lipid oxidation products, although glyoxal and other short-chain α-dicarbonyl compounds are known to be produced to a certain extent as a 10 consequence of lipid oxidation. 35 However, in the course of lipid oxidation, many compounds analogous to α-dicarbonyl compounds are produced which are able to degrade amino acids similarly to the α-dicarbonyl compounds derived from carbohydrates. 15 The Strecker degradation of amino acids produced by secondary lipid oxidation products was firstly described in 2004 for the formation of phenylacetaldehyde by phenylalanine degradation in the presence of epoxyalkenals, 26 and later extended to other lipid-derived reactive carbonyls. [36] [37] [38] aldehyde formation by lipid oxidation products is believed to be produced analogously to amino acid degradation by α-dicarbonyl compounds. Scheme 7 shows the reaction pathway for the degradation of phenylalanine in the presence of 4,5-epoxyalkenals. The reaction begins with the formation of the 25 imine that suffers then the decarboxylation. This loss is facilitated by the extension of the conjugation in the produced azomethine ylide because of the existence of the second oxygenated function. The final addition of water produces the Strecker aldehyde (phenylacetaldehyde) and a hydroxyamino derivative which, for 30 4,5-epoxyalkenals, evolves to 2-alkypyridines. This reaction is not exclusive for lipid-derived short chain aldehydes, the corresponding long-chain ketones produced during the lipid oxidation pathway are also able to degrade amino acids. 37, 39 In fact, the ability of aldehydes and ketones for 35 degrading amino acids was similar in most experiments and differences found might be more related to differences in solubility among the different lipid oxidation products than differences in reactivity. 40 In addition, this reaction has also been described for lipid hydroperoxides, 41 although a free radical 40 mechanism is likely taking place in this degradation in addition to the contribution of the reactive carbonyls produced by Strecker aldehydes have also been described to be produced by 5 decarboxylation of α-oxoacids, 42 and these last compounds can also be formed by amino acid degradation in the presence of both carbohydrates and oxidized lipids. Thus, for example, Ferreira et al. 43 found α-oxoacids in wines and related them with the generation of aged wine aroma as a consequence of Maillard 10 reaction. A mechanism for α-oxoacid formation by isomerisation of the Schiff base formed between the amino acid and glyceraldehydes was suggested by Chu and Yaylayan. 44 These authors suggested the existence of a transamination. Scheme 8 shows a reaction pathway for the formation of phenylpyruvic acid 15 from phenylalanine in the presence of glyoxal. The reaction begins with the formation of the corresponding imine. This compound suffer then an isomerisation that can be seen as a tautomerism because of the existence of the second carbonyl group. This tautomerism may also be favoured because of the 20 extension of the conjugation with the carboxylic group. The hydrolysis of this new imine would produce the α-oxoacid. A similar reaction was previously described for both activated amine and amino acid degradations in the presence of lipid oxidation products. 45, 46 Scheme 9 shows the reaction pathway of 25 phenylalanine degradation in the presence of 4,5-epoxyalkenals.
As can be observed, the electronic rearrangement is favoured by both the existence of an epoxy group at one end and the conjugation of the carboxylic group produced as a consequence of the isomerisation. This pathway is also valid for amines, 30 although the reaction will be or not produced depending on the electronic effects of the substituents present at the α-carbon. Thus, long-chain saturated amines, in which the α-carbon is joined to an amino group and an alkyl chain, were converted into carbonyl compounds only to a very low extent. 45 On the other 35 hand, 2-phenylglycine methyl ester, in which the α-carbon is joined to an amino group, an aromatic ring, and a methoxycarbonyl group produced the corresponding carbonyl compound with a reaction yield of about 50% in the presence of 4,5-epoxyalkenals. In addition, it can be produced by amino acid degradation in the presence of carbohydrates, such as in the Strecker degradation of glycine. 48 Furthermore, retroaldol reaction of serine has also been shown to produce formaldehyde. 49 Formaldehyde is also commonly produced as a consequence of 10 lipid oxidation. 50 Recently, Zamora et al. 51 have shown its formation during thermal degradation of α,β-unsaturated carbonyls. Formaldehyde might be hypothesised to be produced from these carbonyls analogously to their formation from phenylacetaldehyde discussed above (Scheme 2). The proposed 15 formation mechanism for formaldehyde formation when starting from 2-pentenal is shown in Scheme 10. Upon thermal heating, the α,β-unsaturated aldehyde might suffer a disproportionation reaction to produce the corresponding acid and alcohol derivatives. The later dehydration of the alcohol, the oxidation of 20 the produced olefin, and, finally, its breakage would be the origin of formaldehyde. In the case of 2-pentenal, 2-butenal (crotonaldehyde) would also be produced in addition to formaldehyde. Crotonaldehyde is a well-known aldehyde produced in heat-processed edible fats and oils as well as in food 25 mainly from n3 fatty acids. 52 n3 Fatty acids are also the origin of 2-pentenal, which agrees with the formation of crotonaldehyde from this kind of fatty acids. In addition to formaldehyde as the second carbonyl compound responsible for PhIP formation, most reactive carbonyl 30 compounds proposed above as responsible for the formation of the different imidazopyridine derivatives are also produced from both carbohydrates and lipids in a coordinate way. Thus, acetaldehyde is formed from both carbohydrates and lipids, among other food components;
31 5-methylfurfural is also a 35 byproduct of the Maillard reaction 32 as well as a product of lipid oxidation; 33 and benzaldehyde is produced in the degradation of phenylalanine in the presence of both lipids and carbohydrates.
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The only exception would be propanal, which is a major lipid oxidation product, but it does not seem to be produced from 40 carbohydrates to a significant extent. 30 If the proposed pathways However, the inhibition of PhIP formation was not well correlated with the antioxidant/free radical-scavenging capacity of phenolic compounds, 54 therefore suggesting the existence of an antioxidant-independent mechanism for PhIP inhibition by 15 phenolic compounds. In fact, this mechanism is related to the ability of phenolic compounds to scavenge reactive carbonyls.
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However, not all phenolic compounds exhibited a similar carbonyl scavenging ability. A recent study by Salazar et al. 56 has shown that there is a 20 structure/function relationship for the PhIP scavenging ability of phenolic compounds. The obtained results showed that phenols having two hydroxyl groups at meta position of the aromatic ring were the most efficient inhibitors, playing a role in this inhibitory effect the presence of others substituents at the aromatic ring. The 25 positive or negative effect of these other substituents is related to their electronic effects. Thus, the presence of additional hydroxyl and amino groups at the aromatic ring mostly cancelled the carbonyl-scavenging ability of phenolic compounds, which was absent in ortho-and para-dihydroxy derivatives. Furthermore, 30 the presence of several rings with opposite effects in complex phenols produced a reduced inhibitory effect. All these results are a consequence of the reaction mechanisms involved in phenol/carbonyls reactions. Hidalgo and Zamora recently described the reaction of phenolic compounds with 2-35 alkenals. 57 The reaction pathway is schematized in Scheme 11 for the reaction between resorcinol and 2-pentenal. As can be observed phenolic compounds with two hydroxyl groups at meta positions have two reactive groups toward carbonyl compounds: the hydroxyl groups and the aromatic CH groups in ortho position to one of the hydroxyl groups and in para position to the 5 second of the hydroxyl groups. The aromatic CH group in ortho to both hydroxyl groups was less reactive than the other two CH groups more likely because of steric hindrance. If the reaction is produced by addition of the aromatic CH group to the carboncarbon double bond of the aldehyde, the produced compound is a 10 cyclic hemiacetal with structure of chroman-2,7-diol. If the reaction is produced by addition of the OH to the carbon-carbon double bond of the aldehyde, the carbonyl of the formed adduct suffer then the addition of the aromatic CH to produce a cyclic structure which is lately dehydrated to produce a 2H-chromen-7- No all these derivatives exhibited the same stability and 20 chroman-2,7-diols were the main reaction products at high temperature. 57 For this reason, the adducts formed by the addition of the aromatic CH group to the carbonyl group in saturated aldehydes have been the reaction products found by different authors. Thus, Cheng et al. 58 found that epigallocathechin gallate 25 inhibited the formation of PhIP via scavenging of phenylacetaldehyde, and the reaction took place by addition of the aromatic CH in ortho to the hydroxyl group in A-ring of the phenol to the carbonyl group. Analogous adducts were found in other reactions involving glyoxal and methylglyoxal. 59 30 Therefore, phenolic compounds have been shown to be able to scavenge the carbonyl compounds that are involved in the Strecker degradation of phenylalanine to produce phenylacetaldehyde and also the phenylacetaldehyde once it has been produced. Furthermore, phenols are known to react with 35 formaldehyde. 60 Consequently, phenolic compounds may be acting at the different steps of PhIP formation pathway in which carbonyl compounds are involved. The different reactivity of phenolic compounds for the different carbonyl compounds implied at the various steps still remains to be clarified. 
PhIP fate in the presence of lipid-derived reactive carbonyls
Once they have been produced, heterocyclic aromatic amines may be degraded as a function of heating time and temperature. 61 In addition, Randel et al. 62 found that different heterocyclic 45 aromatic amines were degraded in oil under storage and frying conditions, a degradation that was parallel to a reduction in their mutagenic potential. Recently, Hidalgo et al. 63 showed that this degradation is a consequence of the reaction of PhIP with the lipid-derived reactive carbonyls produced in the course of lipid 50 oxidation. These authors studied the reaction of PhIP and its homologous 2-amino-1-methylbenzimidazole with 2-alkenals, 2,4-alkadienals, 4-oxo-2-alkenals, 4,5-epoxy-2-alkenals, and 4-hydroxy-2-nonenal and found that those reactions produced the formation of stable heterocyclic structures.
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Scheme 12 shows the reaction pathway between PhIP and 2-pentenal. The reaction seems to take place firstly with the formation of an imine between the free amino group of PhIP and the carbonyl group of 2-pentenal. Then, an electronic rearrangement is produced and a stable adduct having a tricyclic 60 structure is formed. Analogous adducts having all of them similar structures were produced with all assayed reactive carbonyls. However, some carbonyls were more reactive than others and the stability of the produced adducts depended on the other groups present in the reactive carbonyls in addition to the carbonyl group 65 and the carbon-carbon double bond. Thus, the most reactive carbonyl compounds for this reaction were 4-oxo-2-alkenals and 4,5-epoxy-2-alkenals. On the other hand, the less reactive compounds were 2,4-alkadienals. This reactivity is likely related to the activation of the carbon at β-position of the carbonyl 70 carbon to participate in the reaction. In addition, the stability of the adduct was determined by the reactivity of the additional group not involved in the reaction that produced the tricyclic adduct.
The formation of adducts between PhIP and lipid-derived 75 reactive carbonyls is produced much more easily than the formation of PhIP by reaction of creatinine, phenylalanine and lipid-derived reactive carbonyls because the activation energy (E a ) of the formation of the tricyclic adduct is much lower than the E a of PhIP formation (27.4 kJ/mol for PhIP disappearance in 80 the presence of 4-oxo-2-nonenal vs. 80.9 kJ/mol for PhIP formation in the reaction between creatinine, phenylalanine and 4-oxo-2-nonenal). 63, 64 Therefore, once PhIP is produced, lipidderived carbonyls are likely contributing to PhIP disappearance more than to its formation, at least to a relatively low 85 temperature, which is in agreement with the results of Randel et al. 62 Furthermore, these results also provide an explanation for the reduction of the mutagenic potential observed in parallel to PhIP disappearance. 62 Thus, the formed adduct has lost the primary amino group of the original PhIP, which seems to be the responsible for its metabolic activation. 65 Can carbohydrate-derived reactive carbonyls produce an effect similar to that of lipid-derived reactive carbonyls? Although no studies have been carried out in this sense, previous studies have 5 shown that, although monosaccharides increased the formation of heterocyclic aromatic amines when added to a low extent, they exhibited an inbitory effect over amine formation when present to a large excess. 66 These results seem to be in agreement with a potential role of carbohydrate-derived reactive carbonyls in PhIP 10 fate, analogously to lipid-derived reactive carbonyls. According to the pathway of Scheme 12, the only requisite for a carbonyl compound to react with PhIP is that it is α,β-unsaturated.
Carbohydrates also produce this kind of carbonyls to some extent during Maillard reaction. 67 Therefore, carbohydrates might also 15 participate in heterocyclic aromatic amine fate to some extent. Additional studies are needed to confirm this potential aminemitigating power of carbohydrates.
Conclusions
Although PhIP has been traditionally considered to be produced 20 as a by-product of the Maillard reaction between phenylalanine, creati(ni)ne, and carbohydrates, recent evidences suggest that it is a product of carbonyl chemistry in foods, and, as such, other carbonyls can also contribute to its formation. In particular, this review has dealt with the role of lipid-derived carbonyl 25 compounds in PhIP formation and fate. Analogously to carbohydrate-derived carbonyls, lipid-derived carbonyls are able to produce the Strecker degradation of phenylalanine to form phenylacetaldehyde, the key molecule that reacts with creatinine to generate the first intermediate in PhIP formation. Furthermore, 30 lipid-derived carbonyls also produce formaldehyde, the molecule responsible for the ring closure in PhIP. This ability is also shared by carbohydrate-derived reactive carbonyls. Moreover, lipidderived reactive carbonyls are also able to react with PhIP producing stable adducts in which the free amino group of PhIP 35 has disappeared. This last ability has not been yet investigated for carbohydrate-derived reactive carbonyls, although the decreases observed for PhIP formation in the presence of excess of carbohydrates point out to a scavenging role also for these last reactive carbonyls. All these results, which might also be 40 extended to other aminoimidazoazarenes with the structure of imidazopyridine, point out to a similar role of carbohydrate-and lipid-derived reactive carbonyls that are likely contributing to PhIP formation and fate in an analogous way, therefore extending the coordinate contribution of both carbohydrates and lipids to 45 food browning 14 also to the production and elimination of process-related food toxicants.
